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Abstract: 
It is commonly known that commercial buildings contribute to a large proportion of energy consumption 
nationally and across Europe. The introduction of ‘nearly zero energy buildings’ (nZEBs) by the Energy 
Performance Building Directive [Recast] in 2010 has meant that a variety of active measures must be undertaken 
by the construction industry to define, shape, and meet the standard for both residential and commercial 
buildings. Hotels are typically ranked amongst the top five energy consumers in the tertiary sector. However, 
energy saving potential within the hotel industry is also significant. The aim of this study is to present an energy 
performance analysis and identify the primary energy consumption (PEC) level, post-retrofit, which could 
represent the cost-optimal level for a UK nZEB-hotel. Thermal Analysis Simulation software (Tas) is used to 
validate and assess the energy performance of the building pre- and post-retrofit. TasGenOpt is used to select 
individual EEMs that meet the nZEB targets and create the retrofit scenarios. Finally, building life cycle cost 
(BLCC) software is used to carry out the global cost calculations. It is found that whilst the nZEB target is 
technically feasible there is a 30 percent gap between the nZEB solution and the cost-optimal one. This is 
significant as it means that the current nZEB standard is not comparable to the best financial solution. The 
identified cost-optimal PEC level and recommendations provided may be used in the appraisal of other purpose-
built UK nZEB hotel retrofits.   
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List of Notations/Abbreviations 
ASHP Air source heat pump nZEB Nearly zero energy building 
BLCC Building life cycle cost neZEH Nearly zero energy hotel 
COa Annual costs PEC Primary energy consumption 
CG Global costs PV Photovoltaic panels 
COINIT Investment costs PUR Rigid polyurethane foam 
COP Coefficient of Performance PIR Polyisocyanurate 
CO2 Carbon Dioxide NOx Nitrogen oxide 
CFL Compact fluorescent light PM Particle pollution 
DHW Domestic hot water PAHs Polycyclic Aromatic Hydrocarbons 
EEMs Energy efficient measures Rd Discount factor 
EPBD Energy performance building directive SWH Solar water heating 
GSHP Ground source heat pump 𝝉𝟎 Starting year 
HVAC Heating, ventilation and air conditioning 𝑻𝑪 Calculation period 
𝒊 Year  Tas Thermal analysis simulation 
𝒋 Component U Thermal transmittance (W/m2k) 
LCCA Life cycle cost analysis VRF Variable refrigerant flow 
LED Light emitting diode  𝑽𝑨𝑳𝒇𝒊𝒏 Residual value 
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1.0 Introduction 
The commercial sector accounted for the largest proportion of final energy consumption (total energy 
consumed by end users) within the UK between 2017-2018 [1]. Across Europe they contributed to 
40% of total energy consumption [2].  
The introduction of nearly zero energy buildings (nZEBs) by the European energy performance building 
directive (EPBD) [recast] in 2010, reflects the high potential energy savings associated with designing 
and retrofitting energy efficient buildings. The design, retrofit, and cost analysis of residential nZEBs 
has been explored over the past few years across several literature studies [3-6]. However, fewer 
studies have focussed on the nZEB retrofit of commercial buildings and the life cycle costs (LCCs) 
associated with such retrofits. The hotel sector represents a bigger challenge in terms of retrofitting 
to the nZEB standard and this is largely due to the hosting elements of the business which means 
customer comfort, care, and services are a top priority. Therefore, any retrofit solution should ideally 
allow implementation whilst the hotel is operating and with minimal disruptions to occupants.  
The EPBD [recast] defines nZEBs as buildings that have a “very high energy performance… and the 
nearly zero energy should be covered to a very significant extent by energy from renewable sources" 
[7,8]. The EPBD’s ambiguous definition means member states are required to develop clear and 
specific definitions that are in consonance with their national level of ambition, climatic conditions, 
and level of technology. Whilst some countries have begun establishing definitions, the UK has yet to 
release an official definition for commercial nZEBs. Furthermore, the EPBD states that, in cases where 
a cost-benefit analysis of the economic lifecycle of a building is conducted and proven to be negative 
rather than positive, then the nZEB standard does not need to be applied [8,9]. Meaning that increased 
efforts are necessary to ensure and prove that commercial buildings are reaching the nZEB standard 
with economic benefits. 
Energy consuming activities within a hotel can be split into two main categories one of which would 
be any activities that involves the guests and their comfort. For example, guests’ rooms, reception, 
bar and restaurant. Meanwhile other activities that do not directly involve the guests include kitchen, 
laundry etc. It has been reported that activities that do not directly involve guests are typically the 
largest contributors to the total energy consumption of the hotel [4-6]. This suggests that a focus on 
reducing the energy demand of such activities through the incorporation of relevant energy efficient 
measure (EEMs) would lower the overall energy demand and increase the energy efficiency of the 
hotel building. 
There is evidence that commercial nZEB retrofit projects make up a smaller percentage of overall nZEB 
retrofits. One paper identified four main reasons why retrofits may not be taken up as much for 
commercial buildings. Three of the reasons are due to financial aspects of the retrofit, namely, 
stakeholders may only look at short-term profitability, there is inconsistent data about profitability 
and budgetary constraints [10]. This highlights the importance of selecting retrofit solutions that are 
economically viable. Most importantly, that this can also be demonstrated to stakeholders. Currently 
within the UK there have been no investigations into the retrofitting of hotel buildings to the nZEB 
standard and analysing their life cycle costs (LCCs). Within this context, this paper aims to present an 
nZEB energy retrofit of a UK hotel whereby the life cycle costs of the retrofit packages are explored, 
and a cost-optimal benchmark is identified. The methodology utilised in this paper is one of few that 
validate the simulation modelling results by comparing the model’s energy consumption with the real 
energy consumption. It has been noted throughout the literature that the performance gap of such 
models is typically 30%+ [11-13]. Because this paper aims to provide tangible recommendations on 
how to achieve the nZEB standard with economic benefits, having an accurate model is vital. 
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The methodology is comprised of several steps. Firstly, Thermal Analysis Software (Tas) is utilised to 
provide an accurate prediction of the energy consumption, primary energy consumption (PEC), CO2 
emissions, building fabric and thermal performance of the building [14]. To ensure validity of the 
baseline model, the actual building energy consumption is compared to the baseline model’s energy 
consumption. The actual data was collected during the site survey stage of this investigation.  Although 
this approach is time consuming, it ensures that the study’s outcomes are valid and applicable to other 
buildings of the same stock. Once the baseline model has been simulated and validated, the EEMs are 
individually simulated. Subsequently, the EEMs are combined to form sets of retrofit scenarios. Finally, 
a LCCA is carried out using building life cycle cost software (BLCC) and a cost optimal solution is 
selected using the EPBD’s cost-optimal curve calculation methodology. The methodology utilised can 
be replicated by any researcher or designer wishing to find a cost-optimal solution for a building 
retrofit where a valid and representative model is important.  
 
2.0 Literature review 
Many studies have assessed the energy consumption of the hotel industry and have often concluded 
that hotels are typically energy intensive buildings [15,16]. Lowering the energy consumption in hotels 
through the implementation of individual EEMs or a whole building retrofit can offer not only 
environmental benefits but also financial ones. This is corroborated in the findings of the ‘nearly zero 
energy hotel’ (neZEH) project which highlighted that the hotel industry in general acknowledged the 
financial benefits of retrofitting not only as a result of reduced operational and maintenance costs but 
also due to increased competitiveness as a result of improved image [16]. This is in consonance with 
many other studies [17-21].  
 
The above demonstrates that a lot of research effort has been undertaken to investigate the 
importance of improving the energy performance of hotels. Table 1 is included to offer a brief 
overview of hotel retrofits in general and the factors that encourage/discourage hoteliers’ and guests 
decision when it comes to retrofitting and staying in a ‘green hotel,’ respectively. From table 1, it is 
learnt that both guests and hoteliers appreciate the importance of an environmentally friendly hotel. 
However, further encouragement is required to ensure that hoteliers are fully aware of the financial 
benefits of improving the energy efficiency of their building. In addition, official incentive schemes 
should be introduced to also encourage and assist hoteliers in making the transition towards an energy 
efficient hotel.   
 
A paper which aimed to assess how realistic the nZEB standard within the hotel sector in Southern 
Europe concluded that whilst the nZEB vision “in hotels is close to reality” and can be economically 
attractive it remains challenging due to hotel buildings’ individualities and therefore complexities [22]. 
Most non-residential buildings typically have fixed operating hours whereas hotels can operate 
around the clock. This adds to the complexity of identifying energy use patterns.  
 
A 2017 study analysed 411 nZEBs across 17 EU countries (using the zebra2020 data tool) and found 
that that renovated buildings made up just 19% of the sample and commercial buildings represented 
36% of this [23]. Those percentages further reflect the slow progress that is being made towards 
reaching the nZEB standard for commercial buildings. This is also reflected in the literature, whereby 
majority of studies focus on investigating the nZEB standard for residential buildings. When 
considering commercial building retrofit several issues arise such as the limited number and type of 
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energy efficient measures (EEMs) that can be incorporated due to several reasons such as the 
continuous occupancy and usage, irregular frame types and existing materials, and the need to uphold 
certain aesthetics. Moreover, on average a residential building’s energy needs can be met with just 
renewable systems. On the other hand, commercial buildings can have up to five times the energy 
demand of a residential building. This combined with the constraints above means it can be more 
challenging to achieve the nZEB standard with cost benefits for commercial buildings.  
Using an Italian reference hotel one paper investigated whether there is a match between the cost-
optimal solution and the nZEB solution [24]. It was found that the financial analysis presented a 
‘worrying gap’ between financially optimal solutions and the nZEB ones. This is unsurprising as various 
studies investigating the currently available nZEB definitions concluded that many of the national 
plans being released and implemented have “missing or vague information” [25,26]. In general, the 
energy consumption between hotels varies depending on the size, quality and type of service, and 
occupancy rates. Tournaki et al. [27] suggested some reference levels for nZEB hotels: 77-134 
kWh/m2/yr for new builds and 93-175 kWh/m2/yr for existing builds (depending on the climatic zones).  
 
In terms of technical feasibility, a paper presented the actual primary energy consumption decrease 
of six southern and one northern European hotel that were part of the neZEH project [23]. The results 
proved that a ‘dramatic’ decrease in the primary energy consumption (PEC) was achievable with an 
average reduction of 63% amongst the examined hotels. It was noted that activities that do not 
directly involve guests were more critical in terms of reducing the PEC. Several studies [3,17,23,28] 
highlighted that with hotel nZEB retrofit it is essential that the energy demand of the building is initially 
lowered by improving the building fabric and envelope elements prior to incorporating a 
renewable/microgeneration system.  
 
Another study examined the technical and economic aspects of various retrofit measures on a typical 
4-star hotel located in the South of Portugal (Faro). They concluded that the cost-optimal solutions 
include control of equipment, systems, improving water use efficiency, efficient lighting, and total re-
design of the ventilation system [29]. Using two Italian reference buildings it was [30] found that a 
heat pump combined with a PV system seemed to be the most cost-effective solution to meeting the 
nZEB Italian standard requirements. Several studies found that installing renewable energy systems 
to substitute traditional fossil fuels had competitive economic payback periods [6,31,32]. A similar 
study looked at investigating the performance gap between cost-optimal and nZEB retrofit options for 
an Italian reference hotel and concluded that any solution that me the nZEB standard had a global 
cost at least 50% higher than the cost-optimal solution. It was also noted that retrofit packages with 
better economic performances exhibited poorer comfort levels [24].   
 
One paper investigated reaching the nZEB standard on several reference buildings from various 
countries [33]. It was found that there appears to be a pattern between the nZEB building regardless 
of location. For example, the nZEB building typically has high levels of insulation, double or triple 
glazing (depending on local climate), an efficient boiler or ground source heat pump (GSHP) and a 
renewable solar system. However, whilst it was noted that the nZEB retrofit did not vary significantly, 
the same could not be said for the cost-optimal benchmark. Furthermore, it was difficult to reduce 
global costs (energy, investment, replacement and maintenance costs) whilst ensuring the standard is 
fully met. Furthermore, it was highlighted that one of the most significant barriers to obtain a valid 
and reliable cost analysis is the collection of reliable data for the renovation costs 
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Given the current absence of the UK’s national nZEB definition it is necessary to utilise a different 
approach to setting the standard. Following on from previous work, this paper utilises the EU 
zebra2020 project to come up with a definition that is both numerical and specific to UK non-
residential nZEBs. The EU zebra2020 project was launched in 2014 with the purpose of presenting 
nZEB building indicators and establishing strategies to resolve barriers to reaching the nZEB standard 
across Europe [34]. The project synthesised data from numerous nZEB case studies which allowed a 
quantitative and qualitative analysis on the performance and key characteristics of successful nZEBs 
across Europe to be carried out.  
 
The tool is one of the few databases that cover 90% of the existing nZE building stock. the tool is the 
‘nZEB Tracker’ which offers building information for existing successful nZEB case studies and their 
relevant indicators such as the primary energy performance, passive and active energy efficient 
solutions and types of renewables utilised. The tool separates those indicators for residential and non-
residential buildings and the information is presented by country, therefore, the tool is used to 
aggregate a definition with numerical targets specific to UK hotel nZEBs. Refer to Salem et al. 2019b 





Table 1: Literature review summary  
Journal Author(s) Findings 
1) Energy Conversion 
and Management 
2) Entropy 
1) Nocera et al. 2019 [36] 
 
 One-star hotel managers/owners are less likely to be willing 
to invest in renewable energy and energy efficient retrofit of 
their buildings in comparison to 2-5-star hotels  
Cornell Hospitality 
Quarterly 
1) Butler 2008 [37] 
2) Dolnicar, Crouch, and Long 
2008 [38] 
 Green hotels have better performance in terms of thermal 
comfort, acoustics, lighting, and indoor air quality [1] 
 Although financial benefits can be gained from the overall 
reduction in energy consumption associated with green 
hotels, hoteliers are reluctant to implement measures that 








1) Kostakis and Sardianou 2012 
[39] 
2) Chen and Tung 2014 [40] 
 
 Guests are willing to pay more for environmentally friendly 
hotels [1,2] 
 Guests do not mind minor discomfort (e.g. reusing towels, 
using recycled products) if it means helping the hotel remain 
green and helping the environment [2] 
 Factors that affect whether guests are more willing to pay for 
a green hotel are gender, age, and level of environment 
consciousness and awareness [1, 2] 
International 
conference GREDIT 
Cingoski and Petrevska 2018 [41]  Contemporary guests “expect” hotels to be environmentally 
responsible 
 The case-study (a 5-star) hotel was willing to become an eco-
hotel due to the perceived benefits of lowering operational 
costs and energy consumption  
 It was recommended that the introduction of subsidies will 
encourage more hoteliers to run a high energy efficient hotel 
Annals of tourism 
Research 
        Le et al. 2006 [19]  Social/government pressure to retrofit has a weak influence 
on hoteliers’ decision to retrofit, unlike perceived competition 
and customer demand. 
 Building characteristics such as the size and location of the 
building had a weak influence on decision to retrofit. 
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Table 2: Building fabric, energy consumption, primary energy consumption and carbon emissions of the nZEB target as aggregated from Zebra2020 
tool   
nZEB Target 
Wall (W/m2K) 0.11 
Floor (W/m2K) 0.10 
Roof (W/m2K) 0.15 
Windows (W/m2K) 0.92 
Air permeability rate (m3/h/m2 @50Pa) 2.00 
Primary Energy Consumption (kWh/m2) 150  




3.1 Case study and modelling details 
The selected case study is Hilton Watford hotel located in Elton Way, Watford. It is a purpose-built 
hotel constructed in the early 1990s. The hotel building is spread mainly over two floors. It is 
constructed of traditional bricks, a flat roof, and double-glazed windows [see table 3 for further detail]. 
The building core occupancy hours are 24 hours, 7days a week due to the nature of the business. The 
total building floor area is 10,695m2 and 2,825m2 of conditioned floor space.  
Figure 1: 3D model of the case study building 
The building is cooled by one main chiller, direct expansion (DX) air conditioning units, variable 
refrigerant flow (VRF) systems, and multi single/ multi split systems. The systems provide cooling to 
restaurant/bar, conference suites, TV Comms room, lift motor room, meeting rooms, gym, leisure 
clubs, and back of office areas, along with three air handling units supplying and extracting fresh air 
across various areas. The terminal units used within site are linear supply air diffusers, fan coil units, 
ducted units, ceiling cassettes, and wall mounted units. The systems are controlled via one main 
building management system, hard wired controllers, and individual remote controllers. The total 
installed cooling capacity is 490kW.  
Table 3: Summary of case study and modelling process 
Use  
Building fabric Type Traditional build1 including block, bricks, and precast units 
(stair-case and slabs) 
Occupancy rate 24/7 
Wall (calculated area 
weighted average u-values) 
U-value (W/m2K) 0.45 
Roof (calculated area 
weighted average u-values) 
Type Flat - Single-Ply Membrane 
U-value (W/m2K) 0.35 
Floor (calculated area 
weighted average u-values) 
Type Ground & first floor: cast concrete slab 
Other floors: precast slab 
U-value (W/m2K) 0.35 
Windows (calculated area 
weighted average u-values) 
Type Double glazing (air-filled)  
U-value (W/m2K) 2.0 
Zone - occupancy levels, 
people density, lux level 
NCM constructions database -v5.2.tcd Car Park – 0.0059 person/m2, 100 lux 
Bedroom - 0.094 person/m2, 100 lux 
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According to the EPBD [244/2012] in order to carry out a life cycle cost analysis (LCCA) for a nZEB 
retrofit, EEMs should be individually selected and grouped into retrofit packages. The baseline 
model/building forms one of those packages and is used as a comparison point for improvements on 
energy and costs for each of the retrofit packages. To select a cost-optimal solution the EPBD has 
suggested a cost-optimal range methodology. The cost-optimal solution is identified as the lowest 
point along the range of the different solutions, as demonstrated in figure 2. According to annex I of 
the EPBD “the energy performance of a (nZEB) building shall be expressed in a transparent manner 
and shall include an energy performance indicator and a numeric indicator of primary energy use, 
…”[7,8]. Consequently, the energy performance indicator for this study is the PEC and this is be 
considered on an annual basis. 
 
Figure 2: Reproduced example of a cost-optimal graph 
 
The methodology applied in this paper is split into four main phases: 
Actual site data: this phase involves conducting a site visit to collect AutoCAD plans, information 
regarding the actual building construction, systems, and plant details, as described above. This allows 
the creation of a model that is a replica of the current state of the building. In addition, the actual 
monthly and annual energy consumption is collected for the latest year and the previous two years 












Primary Energy Consumption (kWh/m2)
Cost optimal 
range
Toilet - 0.1188 person/m2, 200 lux 
Reception - 0.105 person/m2, 200 lux 
Hall - 0.183 person/m2, 300 lux 
Food prep/ kitchen- 0.108 person/m2, 500 lux 
Eat/Drink area - 0.2 person/m2, 150 lux 
Circulation - 0.115 person/m2, 100 lux 
Store- 0.11 person/m2, 50 lux 
Laundry - 0.12 person/m2, 300 lux 
Changing room – 0.112 person/m2, 100 lux 
Plant room 0.11 person/m2, 50 lux 
Office – 0.106 person/m2, 400 lux 
Meeting room – 0.094 person/m2, 100 lux 
Air permeability 7 m3/h/m2 @50Pa 
Infiltration 0.500 ACH 
Lighting Efficiency  5.2 W/m2 per 100 lux 
Fuel Source Natural Gas – CO2 Factor – 0.198 Kg/kWh 
Grid Electricity – CO2 Factor – 0.4121 Kg/kWh 
Orientation Latitude: 51.6653; Longitude -0.3609oW; +0.0 UTC 
Weather data TRY (Cibse) for London. Includes: dry bulb temperature (°C); 
wet bulb temperature (°C); atmospheric pressure (hPa); global 
solar irradiation (W·h/m2); diffuse solar irradiation (W·h/m2); 
cloud cover (oktas); wind speed (knots); wind direction 
(degrees clockwise from North); and Present Weather Code. 
1 refers to brickwork and blockwork constructions (walling is of masonry construction and tied with stainless steel ties to an outer leaf of 
block/brick) 
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Tas software: the site data that is collected from the first phase is used to build a holistic baseline 
model on Tas. The EPBD [recast] suggests that the typical energy use in a building (heating, cooling, 
ventilation, lighting, and DHW) needs to refer the indoor environmental parameters. For UK hotels 
this refers to BS EN 16798-1:2019 [42]. Consequently, the standard zones that are applied within the 
model are guests’ rooms, receptions hall, offices, meeting rooms, bar, and restaurant.  
When populating the TBD file, such as filling out typical constructions of the building envelope, it is 
ensured that they represent the building’s constructions, building fabric, glazing and year of 
construction. Once this is done the building’s systems are specifically and individually designed within 
Tas systems utility to replicate the current HVAC systems/plants. Refer to [43] for full details on the 
simulation process. 
The retrofit phase of the methodology begins by utilising TasGenOpt v3.1.1 to select individual EEMs 
that are applicable to the case study and create the retrofit scenarios that meet the nZEB target. 
TasGenOpt is a utility within Tas software that performs parametric simulations. It minimises the 
number of simulations and time needed to achieve desirable design options (in this case the nZEB 
target values). GenOpt has been used in numerous studies across the literature [44-47] and has proven 
to deliver required results. Refer to Salem et al. 2019a for further detail of TasGenOpt.  
CIBSE weather data: The Cibse weather datasets are based on a 30-year timeline and it is generally 
recommended that where possible the weather file selected should be in close proximity to the 
location of the case study being examined [48]. Tas, and other simulation software recommend that 
the existing pre-selected ‘typical years’ weather files that are within 20-30miles (30-50km) of the case 
study will most closely match the long-term climatic temperature, solar radiation, and other relevant 
variables. The relevant weather file selected for carrying out the analysis is the Test Reference Year 
(TRY). This is selected because the Design Summer Year (DSY) weather file is suitable for overheating 
analysis, meanwhile the Test Reference Year (TRY) is suitable for “energy analysis and for compliance 
with the UK Building Regulations (Part L)” (48-50).   
Finally, the model is simulated after all the details has been inputted and the U-values, energy 
consumption, carbon emissions etc. are all calculated and generated by Tas. To ensure the results are 
valid and represent the actual building the second part of the actual site data is then compared and 
the percentage error/difference is calculated to validate the model.  
BLCC software: Building life cycle cost (BLCC) software is used to carry out the global cost calculations. 
For each retrofit package the global costs are calculated, and the data gathered is used to generate 
the cost-optimal graph. Based on this the global costs for the cost-optimal solution/range can be 
compared with the baseline model’s PEC and global costs and the nZEB target. Therefore, the energy 
and cost benefits of the retrofit process can be analysed and evaluated.  
The retrofit packages are split into four categories, as shown in table 4. Table 5 is showing the list of 
individual EEMs that have been selected to aggregate the retrofit packages for this hotel. Overall, the 
individually considered measures formed <190 nZEB retrofit packages. In total there are 46 nZEB 
retrofit packages for each set and they have been labelled as EP1.1-EP1.46 [see figure 3]. Each EEM 
has been defined by its own individual code such as “ig 1.0”. Selecting which EEM to consider is a 
critical step of the retrofit process as the selection of unsuitable measures that are incompatible with 
the energy needs of the building can lead to the aggregation of unsuitably large and expensive 
packages.   
The investment costs are obtained from various UK databases that provide figures for the retrofit of 
commercial buildings. The absence of an official database means it is only possible that figures are 
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obtained from various databases. Studies and reports have highlighted that there needs to be “an 
approved products and suppliers list for commercial property retrofit” [51] 
The specification of the EEMs is defined by the parameters shown in the last column. The parameters 
are selected so that they exceed the nZEB target by no more than 20% [≤20%]. For example, where a 
wall U-value ≤ 0.15 W/m2K is stated, all the wall insulation EEMs will have a U-value less than or equal 
to 0.15 W/m2K (depending on the specific material and thickness). This variation is included so that 
there is also a variation in the energy performance and costs, and therefore LCCs. This in turn offers a 
range of different and possibly more cost-effective solutions. The relevant system efficiencies are also 
included in that column. The main areas of retrofit considerations are thermal insulation, glazing, 
lighting, heating, ventilation, cooling, DHW, and incorporating a renewable/microgeneration system. 
 
Table 4: Description of the four categories that make up the retrofit packages 
Set Description Example 
1 Significant fabric and lighting improvements, assisted by little 
improvements to HVAC and undersized renewable/ microgeneration 
systems 
Ig3.5 + ig6.3 + L3.0 + Hd4.0 + 
rm3.0 
2 Significant HVAC improvements, assisted by little fabric and lighting 
improvements and undersized renewable/ microgeneration systems 
Ig1.0 + L2.0 + Hd3.0 + Hd4.0 + 
rm4.0 
3 All-round retrofit i.e. selective fabric, lighting, HVAC and renewable/ 
microgeneration systems 
Ig2.4 + ig6.1+ L1.0 + Hd2.0 + Hd4.1 
+ rm2.4 
4 Small fabric and lighting improvements, assisted by significant HVAC 
improvements and renewable/ microgeneration systems 
Ig2.0 + L1.0 + Hd1.0 + Hd4.0 + 
rm5.5 
 
Table 5: Summary of the individual EEMs utilised 
Areas of retrofit Code EEM Description Investment cost Parameter(s) & System 
efficiencies Unit Cost 
1. Insulation & 
Glazing  
 
ig1.0 Rigid polyurethane foam (PUR), 50mm, 2in £/m2 
 
30 U-value of wall ≤ 0.15 W/m2K 
U-value of floor ≤ 0.15W/m2K  
U-value of Roof ≤ 0.20 W/m2K 
U-value of windows ≤ 1.20 
W/m2k 
Air permeability rate ≤ 2.5 
m3/h/m2 @50Pa 
ig1.1 PUR, 60mm, 2in 37 
ig1.2 PUR, 70mm, 2in 45 
ig1.3 PUR, 80mm, 4in 55 
ig1.4 PUR, 90mm, 4in 60 
ig1.5 PUR, 100mm, 4in 72 
ig2.0 Polyisocyanurate (PIR), 50mm  £/m2 
 
30 
ig2.1 PIR, 60mm 35 
ig2.2 PIR, 70mm 46 
ig2.3 PIR, 80mm 58 
ig2.4 PIR, 90mm 63 
ig2.5 PIR, 110mm 71 
Ig3.0 Rigid thermoset phenolic 25mm £/m2 
 
35 
Ig3.1 Phenolic foam, 30mm 46 
Ig3.2 Phenolic foam, 35mm 55 
Ig3.3 Phenolic foam, 40mm 67 
Ig3.4 Phenolic foam, 45mm 75 
Ig3.5 Phenolic foam, 50mm 83 
Ig4.0 Glass wool, 140mm £/m2 
 
33 
Ig4.1 Glass wool, 180mm 46 
Ig4.2 Glass wool, 200mm 54 
Ig4.1 Glass wool, 240mm 66 
Ig4.4 Glass wool, 280mm 74 
Ig4.5 Glass wool, 300mm 80 
Ig5.0 Mineral Wool, 140mm £/m2 37 
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Ig5.1 Mineral Wool, 180mm  48 
Ig5.2 Mineral Wool, 200mm 57 
Ig5.3 Mineral Wool, 240mm 68 
Ig5.4 Mineral Wool, 280mm 77 
Ig5.5 Mineral Wool, 300mm 85 
Ig6.0 Triple Glazing, 42 mm Air filled £/m2 350 
Ig6.1 Triple Glazing, 42 mm Air filled, Low-e  478 
Ig6.2 Triple Glazing, 42 mm Krypton filled, Low-e 560 
Ig6.3 Triple Glazing, 42 mm Argon filled, Low-e 690 
2. Lighting L1.0 LED (Light emitting diode) £/m2 
 
45 Efficacy min ≤ 80 lm/W 
 L2.0 CFL (compact fluorescent) 35 
L3.0 LED + auto presence detection 165 




Hd1.0 200kW High efficiency biomass boiler £/kW 900 Biomass Boiler – 85% efficient  
MVHR -Specific fan power = 
0.5 & heat recover efficiency 
= 90% 
 
Hd2.0 Automatic split heat pump system 450 
Hd2.1 Heat pump variable refrigerant flow 720 
Hd2.2 Programmable split heat pump system 780 
Hd3.0 Auto. thermostat controlled direct gas fired Boiler 590 
Hd3.1 Programmable Thermostat direct gas fired Boiler 500 
Hd4.0 Mechanical ventilation with heat recovery 350 




rm1.0 150kWe Combined heat and power [CHP] £/kW 850 SWH – Zero loss collector 
efficiency = 0.81; heat loss 
coefficient = 3.9  
ASHP – Coefficient of 
performance (CoP) 3  
GSHP – CoP 3 
PV > 15% efficient 
CHP – 37% elec. efficiency & 
47% heat efficiency  
CCHP – 17% elec. efficiency & 
60% heat efficiency  
 
 
rm1.1 200kWe CHP 1200 
rm1.2 250kWe CHP 1800 
rm1.3 300kWe CHP 2500 
rm1.4 350kWe CHP 3400 
rm1.5 400kWe CHP 4000 
rm2.0 150kWe Combined cooling heat and power [CCHP] £/kW 2000 
rm2.1 200kWe CCHP 2600 
rm2.2 250kWe CCHP 3300 
rm2.3 300kWe CCHP 4000 
rm2.4 350kWe CCHP 4700 
rm2.5 400kWe CCHP 5300 
rm3.0 20kW Monocrystalline photovoltaic [PV] Panels £/m2 
 
400 
rm3.1 30kW PV Panels  460 
rm3.2 40kW PV Panels  540 
rm3.3 50kW PV Panels  630 
rm3.4 80kW PV Panels  740 
rm3.5 100kW PV Panels  850 
rm3.6 50kW PV with storage 780 
rm4.0 35kWth Solar water heating- flat plate collectors [SWH] £/m2 420 
rm4.1 55kWth SWH 500 
rm4.2 75kWth SWH 580 
rm4.3 95kWth SWH 660 
rm4.4 115kWth SWH 750 
rm4.4 125kWth SWH 870 
rm5.0 70kW Air source heat pump [ASHP] £/kW 1300 
rm5.1 80kW ASHP 1370 
rm5.2 100kW ASHP 1440 
rm5.3 120kW ASHP 1490 
rm5.4 145kW ASHP 1570 
rm5.5 150kW ASHP 1600 
rm6.0 60kW Ground source heat pump [GSHP] £/kW 1500 
rm6.1 70kW GSHP 1580 
rm6.2 80kW GSHP 1640 
rm6.3 100kW GSHP 1690 
rm6.4 120kW GSHP 1730 
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3.2 Global Cost calculation 
The evaluation of the global costs is carried out over a 20-year study period. The 20-year study period 
is selected in accordance with the Commissions Guidelines for the global cost calculation of non-
residential buildings. Any currently applicable taxes (value added tax -20% VAT), tax relief and/or 
incentive schemes are taken into consideration. As mentioned previously, building life cycle cost 
(BLCC) software is utilised to carry out this part of the methodology using the formulae and data 
presented in this section. The equation for the global cost is expressed as Equation 1 and is obtained 
from the Standard BS EN 15459-1:2017 [52]: 
 






𝑥𝑅𝑑(𝑖) − 𝑉𝐴𝐿𝑓𝑖𝑛(𝜏)(𝑗)]                    
 
[1] 
The global costs 𝐶𝐺(𝜏) referred to starting year 𝜏0 are calculated by taking the sum of the initial 
investment costs 𝐶𝑂𝐼𝑁𝐼𝑇 for component 𝑗, the annual cost 𝐶𝑂𝑎 for year 𝑖 which is discounted by the 
discount rate 𝑅𝑑(𝑖), and the residual value  𝑉𝐴𝐿𝑓𝑖𝑛 of component 𝑗 in year 𝑇𝐶 at the end of the 
calculation period is referred to starting year 𝜏0. The residual value refers to the remaining value of a 
measure or a retrofit scenario until the end of its lifespan. Residual values are calculated by linearly 
prorating the initial investment costs, for example, an EEM with a projected useful life of 40 years will 
have a residual value of approximately 50% of the initial investment costs of that measure.  
The different elements making up the LCCs for each scenario are as follows: ‘Energy costs,’ 
‘Maintenance Costs,’ ‘Replacement Costs,’ and ‘Initial investment Costs.’ Energy costs included fuel 
and electricity costs (space heating/cooling, DHW heating, lighting, ventilation, and auxiliary). 
Maintenance and replacement costs involved fabric and systems maintenance and replacements; 
annual servicing of boilers, windowpanes, C/CHP and Mechanical Ventilation (MV) filters; and possible 
typical servicing and repairs throughout the study period. Miscellaneous costs refer to any investment 
costs not related to the EEMs; they range from staff fees to planning application costs. The only 
investment costs included in the analysis are those directly related to the EEMs.   
 
 
4.0 Results and discussion 
4.1 Model validation 
In order to evaluate the difference in energy performance before and after retrofit, the first step is to 
analyse the baseline model and validate that it’s a true representation of the actual building. To 
validate the baseline model created on Tas, the simulated energy consumption value is compared 
against the building’s actual energy consumption. As mentioned previously the site survey enables the 
development of a thorough model that reproduces all the characteristics and systems of the building 
as it currently stands.  
The total energy consumption considers heating, cooling, auxiliary, lighting, domestic hot water 
(DHW), equipment, and displaced electricity (where applicable). The carbon emission calculations take 
into consideration building systems, air/ plan side HVAC control(s), building envelope elements 
rm6.5 140kW GSHP 1770 
Type of Building: Non-residential 
Costs are collected from: [58,59]   
Electricity cost (pence/kWh): 12.9 [Hilton]  
Natural gas cost (pence/kWh): 2.8 [Hilton] 
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(insulation, glazing etc.), lighting/daylighting interaction(s), energy consumption, occupancy schedule, 
fuel type, ventilation, DHW etc. Finally, the PEC is the amount of primary energy consumed in order 
to meet the building’s energy demand (heating, cooling, DHW, lighting, and auxiliaries) and is also the 
net of any electrical energy displaced, where applicable.  
Looking at figure 3 and equation 1 there is an 8% difference in energy consumption between the 
model and the actual energy consumption. This 8% is an underestimation of the actual energy 
consumption of the hotel. However, as demonstrated across the literature the performance gap 
cannot be completely closed at the moment [53-55]. Several complexities exist, especially the 
occupant’s behaviour, which cannot be entirely assumed.  
Furthermore, the weather data used in simulation studies will never replicate the microclimate of the 
building’s location and it is typically not representative of a specific and real year but is based on 
averages, as discussed earlier. As a result, despite the high quality of input data used to develop the 
model it is reasonable that there remains a difference between simulated and actual energy 
consumption. 
Looking at the energy profile for the actual energy consumption, there are unusual fluctuations in the 
energy consumption during certain months. The reason for this anomalous profile is due to the year 
that is selected. During 2018 the UK had uncharacteristically low temperatures and snow during 
February/March. Following this, a heatwave occurred during April and some of the warmest days on 
record were experienced [56,57].  
However, when the annual energy consumption of the year 2018 is compared to the annual energy 
consumption of the previous 2 years, it is discovered that the difference in the total annual energy 
consumption between the 3 years is negligible (<5%).  
Consequently, it did not matter which year is utilised in this study as it did not have a significant effect 
on the results or the validation of the model. This suggests that the hotel’s current energy 
consumption is affected by other factors and activities that are not weather dependant and that the 
hotel’s energy management could be improved upon. A full climate control system is not included as 
part of the investigated EEMs because the benefits of such a system largely depends on occupant 
behaviour. Therefore, in a hotel setting it can only be utilised in certain public areas as guest comfort 





























Actual Building Baseline model
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Figure 3: Comparison of the actual energy consumption (2018) against the modelled annual energy consumption 
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 = (
274.97 − 297.41
274.97
) ∗ 𝑥100 = −8% 
∗ 𝑈𝑛𝑖𝑡: (𝑘𝑊ℎ/𝑚2) 
[2] 
 
4.2 Energy performance analysis 
Figures 4 and 5 show how the performance of the model varies in comparison to the nZEB target and 
relative to the baseline building. Between the four sets of packages there are clear differences in how 
they affect the energy performance of the hotel building. All the packages proved to be successful at 
meeting the carbon emissions target.  
‘Set 3’ ensured that all the nZEB targets are met by incorporating that most suitable EEMs i.e. selective 
fabric, lighting, HVAC and renewable/ microgeneration systems. The packages within ‘Set 3’ can easily 
be considered the ‘best performing’ set of packages. This is demonstrated by figure 4, which shows a 
significant difference in the PEC between the four different sets. The average percentage difference 
between the packages within ‘Set 3’ and ‘Sets 1 and 2’ is a considerable 44%.  
‘Set 4’ was comprised of packages that had small fabric and lighting improvements, assisted by 
significant HVAC improvements and renewable/ microgeneration systems. The retrofit packages 
within this set led to results that were the closest to ‘Set 3’. On average packages within this set 
performed better than packages within ‘Sets 1 and 2’ by 17%. Within this set, packages that 
incorporated SWH and PV did not work well to reduce the PEC. This is because these measures do not 
meet the significant heating and cooling energy needs of the hotel. This highlights the importance of 
incorporating not just any renewable/microgeneration system but selection of the most suitable 
system that meets the energy demands of the building being retrofitted.  
Furthermore, although ‘Set 4’ performed very well in terms of reducing the PEC, the packages within 
this set did not meet the all the nZEB requirements. In general, the packages were adequate at 
lowering the PEC and carbon emissions. However, not all packages were able to meet the envelope 
requirements which meant that the energy demand of the building was not lowered to the nZEB 
standard.  
Interestingly, ‘Set 1,’ which is comprised of packages with significant fabric and lighting improvements 
had very little/no variation in terms of energy performance. Regardless of which HVAC and 
renewable/microgeneration system is incorporated as part of the package, the PEC remained mostly 
unaffected. Packages within ‘Set 2’ produced very similar results to that of ‘Set 1.’ In general, packages 
within ‘Set 1’ and ‘Set 2’ underperformed in comparison to the packages in the other two sets. ‘Sets 1 
and 2’ highlight the importance of incorporating an adequately sized renewable/ microgeneration 
system. The packages within these sets have similar investment costs to those of the other sets and 
despite this the nZEB target could not be met. This also has an impact on the operational costs and 
therefore LCCs. If the packages do not successfully reduce the PEC and therefore energy costs, then 
the investment cannot be justified. 
In terms of CO2 reductions, all packages were able to meet the nZEB emissions target. Even with an 
undersized renewable/microgeneration systems packages within ‘Set 1 and 2’ were able to reach the 
required target. This suggests that fabric improvements and systems optimisation can be as important 
to reducing building emissions as renewable systems. The average percentage decrease in emissions 
between all sets was 53%.   
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Figure 4: Comparison of the primary energy consumption for the case study building before and after retrofit and the nZEB target 
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4.3 Global Cost analysis  
The cost-optimal solution should ideally represent the best combination of the energy and cost 
performance. A balance between the two is necessary. A focus on just lowering the costs means the 
nZEB requirements are not met. Likewise, a focus on just meeting the nZEB standard with the current 
level and cost of technology renders the solution economically unfeasible. Figure 6 is showing the PEC 
of all the packages against the global costs; the cost optimal range and the nZEB target.  
Certain packages did not meet the nZEB target at all. There is a clear distinction between the packages 
that made up the four different sets. Packages within ‘Set 1 and 4’ resulted in the highest global costs 
in comparison to the other two sets. Whilst majority of packages in set four met and exceeded the 
nZEB standard, the same is not true for packages in ‘Set 1.’ In fact, despite having the highest global 
costs, none of the packages in ‘Set 1’ met the nZEB target. As a result, the energy benefits gained by 
focussing on significant building fabric and lighting improvements is not justified by the associated 
global costs.  
Packages within ‘Set 2 and 3’ also performed similarly in terms of their cost performance. However, 
‘Set three’ had the lowest global costs on average in comparison to all the other sets. This highlights 
the importance of selecting a variety of EEMs that meet the building’s energy demand, rather than 
focussing on one retrofit aspect and working around that.  
The cost-optimal primary energy consumption value is 193.59kWh/m2/yr as obtained from the cost-
optimal graph shown in figure 6. The nZEB target’s primary energy consumption level is 
150kWh/m2/yr. This 30% percent gap between the cost-optimal solution and the nZEB target is 
significant. However, considering the fact that the cost-optimal solution offered a reduction of 52% 
and 45% in primary energy consumption and global costs in comparison to the baseline scenario it can 
be said that it is still a viable option in terms of reducing the energy consumption but not fully meeting 
the nZEB standard. Therefore, the cost-optimal solution offered a considerable reduction in both 
energy and costs.  
It may be that with the current level and price of EEMs available, finding a balance between the energy 
and cost benefits is one of the best options to carrying out energy retrofits and as such technologies 
become widespread in use, it is always possible to carry out further, albeit minor, retrofits in the future 
to fully meet the required standard.  
To achieve a balance between the energy and cost requirements it is best to consider alternatives of 
certain measures. As opposed to neglecting to address specific requirements altogether. Even small 
changes in the type of measure selected (e.g. selecting 80mm PIR not 110mm) can help reduce global 
cost. Thereby bridging the gap between the cost-optimal level and the nZEB level. In general, it can be 
said that it is difficult to keep the global costs to a minimum whilst ensuring that the building envelope 
meets the nZEB standard.  
One of the main barriers to reaching the nZEB standard is typically the large investment costs. 
However, buildings have their own dynamics and are not static, therefore, at certain points they 
always require that old components are replaced. These points should, therefore, be seen as 
opportunities for improvement rather than replacement. In this manner the nZEB standard may also 
be achieved over stages rather than at once. This notion is corroborated by other studies discussed in 
the literature section earlier whereby the energy efficiency of buildings was improved by incorporating 
even one EEM and implementing a long-term plan for further improvements. It should be highlighted 
that the reduction in the PEC and global costs of 52% and 45% was achieved by incorporating a variety 
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of EEMs. The solution provided a balance between the reduction in energy consumption and costs 
over the study period. 
 
 




This paper presented an energy performance and cost analysis post-nZEB retrofit for a typical UK 
hotel. Using dynamic thermal analysis simulation software Tas Edsl, the energy performance of the 
hotel as it currently stands and as a nZEB was examined and compared. To ensure the validity of the 
results a comprehensive and accurate baseline model was created following a site investigation. As a 
result, a performance gap between the actual and modelled energy performance of less than 9% was 
obtained. Initially, realistically applicable EEMs were individually selected. Following this, they were 
combined using TasGenOpt to create the retrofit packages. Finally, the global costs of the various 
retrofit packages were evaluated and based on this a cost-optimal range was defined. Based on the 
findings the following recommendations are provided: 
The four different sets of retrofit packages assumed various priorities when grouping the EEMs. 
Adopting this methodology whereby different retrofit packages focussed on different potential 
retrofit aspects highlighted that a whole-building retrofit is the best route to achieving the nZEB 
standard. Prioritising one aspect of retrofitting and neglecting another simply leads to an ‘incomplete’ 
retrofit that either fails in lowering the energy demand of the building or in improving the overall 
energy efficiency of systems and components.  
The comparison of the retrofit variants within a certain set showed the importance of selecting not 
just a range of EEMs that work together to meet the standard but rather a range of ‘suitable’ EEMs. 
Suitability always depends on the baseline building and its current energy demand and usage. For 
example, for this case study the most compatible renewable/microgeneration measures were ones 
that offered a balance between the heating and cooling needs during the heating and non-heating 
season. As a result, measures that only focussed on meeting the heating needs underperformed at 
reducing the PEC.  
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To bridge the gap between the nZEB solution and the cost-optimal one certain trade-offs may be 
necessary. For example, Comparing the results between and within the different sets of retrofit 
packages demonstrated that it is possible to reduce the global costs by finding alternative EEMs with 
lower investment costs. 
Overall, the presented case study has demonstrated that the nZEB standard is achievable with cost 
benefits.  The methodology utilised in this paper can be replicated with any other commercial building. 
The energy validation process ensures that the results obtained are reliable. However, to increase the 
reliability of the cost calculation a homogeneous cost database for such UK retrofit projects is 
necessary. When this occurs, the specific cost results of such studies can be applicable to many 
buildings of similar stock. A comprehensive and applicable database requires several phases to be 
successfully utilised and will need to be defined based on location too as this can greatly affect the 
cost of measures.  
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